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Spectrum of excited states, and elastic and transition form
factors provide unique information about long-range
Interaction between light-quarks and distribution of hadron’:
characterising properties amongst its QCD constituents.
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Universal Truths

® Spectrum of excited states, and elastic and transition form
factors provide unigue information about long-range
Interaction between light-quarks and distribution of hadron’:
characterising properties amongst its QCD constituents.
Dynamical Chiral Symmetry Breaking (DCSB) is most
Important mass generating mechanism for visible matter in the
Universe. Higgs mechanism is irrelevant to light-quarks.

Challenge: understand relationship between parton properties
on the light-front and rest frame structure of hadrons. Problem,
e.g., DCSB - an established keystone of low-energy QCD and
the origin of constituent-quark masses - has not yet been
realised in the light-front formulation. Resolution — coherent
contribution from countable infinity of higher Fock-state
components. (Brodsky, Roberts, Shrock, Tandy — in progress.)
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® Quark and Gluon Confinement
# No matter how hard one strikes the proton,

one

cannot liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

» \Very unnatural pattern of bound state masses

s e.g., Lagrangian (pQCD) quark mass is small but . ..

no degeneracy between J¥=T and JF=—

® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.
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Of course, the behaviour of the -function on the
perturbative domain is well known.

S b #® This is a well-posed problem whose solution is an elemental
goal of modern hadron physics.
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Potentlal between static (infinitely heavy) quarks
measured in simulations of lattice-QCD is not related

In any known way to the light-quark interaction.
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Charting the Interaction
between light-quarks

® Through DSEs the pointwise behaviour of the S-function
determines pattern of chiral symmetry breaking

® DSEs connect g-function to experimental observables.
Hence, comparison between computations and
observations can be used to chart g-function’s long-range
behaviour

® To realise this goal, a nonperturbative symmetry-preserving
DSE truncation is necessary

» Steady quantitative progress is being made with a
scheme that is systematically improvable
(See nucl-th/9602012 and references thereto)
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» On other hand, at present significant qualitative
advances possible with symmetry-preserving kernel
Ansatze that express important additional
nonperturbative effects — M (p?) — difficult/impossible to
capture in any finite sum of contributions
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® 7,,(¢?%, A?) are respectively the vertex and quark wave
function renormalisation constants, with ¢ the
renormalisation point
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® D, (k) is the dressed-gluon propagator
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& mP™(A) is the Lagrangian current-quark bare mass

® D, (k) is the dressed-gluon propagator

® T/(q,p) is the dressed-quark-gluon vertex

s MM o Suppose one has in-hand the exact form of F{f(q,p)

What is the associated
~~~~~~~~~~~~~~~~~~ Symmelry-preserving Bethe-Salpeter Kernel?
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Bound-state DSE
Bethe-Salpeter Equation

® Standard form, familiar from textbooks
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K (q, k; P): Fully-amputated, 2-particle-irreducible,
guark-antiquark scattering kernel

A
Tk P)],, = [ [Sta+ P/2THa: P)S(a - P/2))u Kiia. ki P)
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Bethe-Salpeter Equation

L. Chang and C. D. Roberts peneral Form

0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 08160
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Bethe-Salpeter Equation

L. Chang and C. D. Roberts peneral Form

0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 08160

® Equivalent exact form:

T50(k; P) = Zoys

A? AY
~ | [ 6*Daslie — ) G Sy (@ hlas IS, (a) 5 T o)
q
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(Poincaré covariance, hence g+ = g + P/2, etc., without loss of generality.)
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L. Chang and C. D. Roberts peneral Form

0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 08160

® Equivalent exact form:

T50(k; P) = Zoys

X Yo
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(Poincaré covariance, hence g+ = g + P/2, etc., without loss of generality.)

® Inthis form. A5M5
IS completely defined via the dressed-quark self-energy
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Bethe-Salpeter Kernel

L. Chang and C. D. Roberts
0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 081601

® Bethe-Salpeter equation introduced in 1951
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Bethe-Salpeter Kernel

L. Chang and C. D. Roberts 160 year problem

0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 08160
® Bethe-Salpeter equation introduced in 1951

® Newly-derived Ward-Takahashi identity

QAR R

°°°°°°°°°°°° Pk, P) = Thlar,ky)ivs + iy TG(g-, ko)
—ilmy(¢) +mg(Q)]ALS (K, ¢; P),
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Bethe-Salpeter Kernel

L. Chang and C. D. Roberts 160 year problem

0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 08160
® Bethe-Salpeter equation introduced in 1951

® Newly-derived Ward-Takahashi identity

QAR R

© ENERGY P (koq; P) = Th(qp k) ins +ivs T (g ko)
Office of Science

— i[my(C) + mg(OIALY (k. q: P),

® For first time: can construct Ansatz for Bethe-Salpeter
kernel consistent with any reasonable quark-gluon vertex

» Consistent means - all symmetries preserved!
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Bethe-Salpeter Kernel

L. Chang and C. D. Roberts
0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 08160160 year prObIem

® Bethe-Salpeter equation introduced in 1951

® Newly-derived Ward-Takahashi identity

QAR R

© ENERGY PN (ks P) = Thqp ke)ing +ins D% ko)
Office of Science .
— i[my(C) + mg(OIALY (k. q: P),

O“{‘Ce of Nuclear PhJ’Sic
)

® For first time: can construct Ansatz for Bethe-Salpeter
kernel consistent with any reasonable quark-gluon vertex

UChicago »

o ® Procedure & results to expect ...
Argonne o >e arXiv:1003.5006 [nucl-th]
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Mass Splitting

ay—p

exp.

mass a1 1230

mass p 775
mass-
splitting 455

® Splitting known experimentally for more than 35 years.

O ENEREY ® Hitherto, no explanation.
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Mass Splitting

a—p
exp. | rainbow- one-loop
ladder
mass a; | 1230 759 885
mass p 775 644 764
mass-
splitting 455 115 121

® Systematic, symmetry-preserving, Poincaré-covariant DSE
truncation scheme of nucl-th/9602012.

@ ENERGY
oriee of seience 8 Never better than ~ 7 of splitting.

ace 0 Nuclear Phys

ov

) Constructing kernel skeleton-diagram-by-diagram, DCSB
cannot be faithfully expressed: M (p?) is absent!
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Mass Splitting

ay—p
exp. | rainbow- one-loop | Ball-Chiu
ladder consistent
mass a; | 1230 759 885 1066
mass p 775 644 764 924
mass-
splitting 455 115 121 142

® New nonperturbative, symmetry-preserving
Poincaré-covariant Bethe-Salpeter equation formulation of
arXiv:0903.5461 [nucl-th]

@ U.S. DEPARTMENT OF

Office of Science

O“{‘Ce of Nuclear PhJ’Sic
)

#® Ball-Chiu Ansatz for quark-gluon vertex
B(k)—B
IBC(k,p) = ...+ (k + p) Z=2P)

k2 _p2

UChicago »

o Some effects of DCSB built into vertex

Argonneo » Explains m — o splitting but not this problem
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Mass Splitting

Chang & Roberts arXiv:1003.5006 [nucl-th] a; — p
exp. | rainbow- one-loop | Ball-Chiu Ball-Chiu plus
ladder consistent | anom. cm mom.
mass a; | 1230 759 885 1066 1230
mass p 775 644 764 924 745
mass-
splitting 455 115 121 142 485

® New nonperturbative, symmetry-preserving
Poincaré-covariant Bethe-Salpeter equation formulation of
arXiv:0903.5461 [nucl-th]

U.S. DEPARTMENT OF
© ENERGY
Office of Science
office of Nuclear Phy

e

#® Ball-Chiu augmented by quark anomalous chromomagnetic

moment term: T, (k, p) = FEC + o (k — p),,B(,':g:fz(p)
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Mass Splitting

Chang & Roberts arXiv:1003.5006 [nucl-th] a; — p
exp. | rainbow- one-loop | Ball-Chiu Ball-Chiu plus
ladder consistent | anom. cm mom.
mass a; | 1230 759 885 1066 1230
mass p 775 644 764 924 745
mass-
splitting 459 115 121 142 485

/

® New nonperturbative, symmetry-preserving
Poincaré-covariant Bethe-Salpeter equation formulation of
arXiv:0903.5461 [nucl-th]

@ U.S. DEPARTMENT OF

Office of Science

O«‘Ce of Nuclear PhJ’SiC
-8

DCSB is the answer. Subtle interplay between competing

effects, which can only now be explicated
UChicago »

Promise of first reliable prediction of light-quark meson
Argonneo spectrum, including the so-called hybrid and exotic states.
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Frontiers of Nuclear Science:
A Long Range Plan (2007)
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Frontiers of Nuclear Science:
Theoretical Advances

Gap Equation
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Frontiers of Nuclear Science:
Theoretical Advances

_Zp)
iy - p+ M(p?)

I I I I I
04l Rapid acquisition of mass is B
' : _ ,effect of gluon cloud
. Ne-""-7
Gap Equation -\ KL .
| & 7
Ve /
0.3 \ & — m=o0(Chirallimiy] |
%‘ , 4 | — m =30 MeV
@ U.S. DEPARTMENT OF O B ‘ — m =70 MeV T
VENERGY 202 B
Office of Science =
ofice of Clar P s " B ]
il
bt furdt 4
LYRTY .
| 44t
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e

In QCD a quark’s effective mass
depends on its momentum. The
function describing this can be
calculated and is depicted here.
Numerical simulations of lattice
QCD (data, at two different bare
masses) have confirmed model
predictions (solid curves) that the
vast bulk of the constituent mass
of a light quark comes from a
cloud of gluons that are dragged
along by the quark as it
propagates. In this way, a quark

° that appears to be absolutely

massless at high energies

(m = 0, red curve) acquires a
large constituent mass at low
energies.

Frontiers of Nuclear Science:

Theoretical Advances

Mass from nothing.

_ZpY)
iy - p+ M(p?)

S(p)

' I ' I ' I
Lattice QCD confirms DSE prediction of DCSB
0.4 [ "
-?
-Z%
* t _22?
- PRt -
P ////
J P
- - -
// /, //
/,/’ /,’/,/ — m=0 (Chiral limit)
s & -7 - — 30 MeV
é = N — 70 MeV -
0.2 —
=
0.1
0
0

p [GeV]
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In QCD a quark’s effective mass
depends on its momentum. The
function describing this can be
calculated and is depicted here.
Numerical simulations of lattice
QCD (data, at two different bare
masses) have confirmed model
predictions (solid curves) that the
vast bulk of the constituent mass
of a light quark comes from a

U.S. DEPARTMENT OF

© ENERGY

| cloud of gluons that are dragged

Office of Science

along by the quark as it
propagates. In this way, a quark
< that appears to be absolutely
massless at high energies

(m = 0, red curve) acquires a
large constituent mass at low
energies.
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Frontiers of Nuclear Science:

Theoretical Advances

Mass from nothing.

_Zp)
iy - p+ M(p?)

S(p)
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0.4+ Hint of support in Lattice-QCD results —
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Frontiers of Nuclear Science:
Theoretical Advances
Mass from nothing.

In QCD a quark’s effective mass 7 (p2)
depends on its momentum. The S(p) — - 5
function describing this can be vy - p + M(p )

calculated and is depicted here.

Numerical simulations of lattice ' ! I ! I
QCD (data, at two different bare 0.4 Hintfof Subport '(;1 Ltat;ice-QCD results
. Nt T or predicte
masses) have confirmed model | &\ - - - - — - = ZZZ==== confinement signal |
predictions (solid curves) that the \ L
vast bulk of the constituent mass %37 A — meoChiraltmiy]
) < P — 30 MeV
0 ENERGY of a light quark comes from a E - \ — 70Mev -
‘ cloud of gluons that are dragged = "
Office of Science . s 0.2— -
ceotNuclear vy, along by the quark as it
RN Dropagates. In this way, a quark i

< that appears to be absolutely 0.1

o massless at high energies b
UChicago » . B |
(m = 0, red curve) acquires a
. 0 I | | 1 *—J~
o large constituent mass at low 04T- 1 2 3
Arconne energies. [GeV]
i i Seeo Scanned by Q? € 2, g] Ge eV?2 Bar yon Ela§t|c and Transition Form Factors
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4th Workshop on Exclusive Reactions at High Momentum Transfer, 18-21 May 2010 ... 27 — p. 13/28



Maris, Roberts, Tandy
nucl-th/9707003
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Goldberger-Treiman for pion
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Maris, Roberts, Tandy Goldberger-Treiman for pion
nucl-th/9707003

e Pseudoscalar Bethe-Salpeter amplitude
I (ke P) = 7™ [z’Eﬂ(k;P)jtv-PFw(k;P)
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Maris, Roberts, Tandy Goldberger-Treiman for pion
nucl-th/9707003

e Pseudoscalar Bethe-Salpeter amplitude
I (ke P) = 7™ [iEﬁ(/@; P) +~- PF.(k: P)
+y-kk-PGrk; P) + o ki Py Hy(k; P)}

1

e Dressed-quark Propagator: S(p) = iv - p A(p?) + B(p?)

EEEEEEEEEEEE

Office of Science
O“{‘Ce of Nuclear Ph)/s,'
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Maris, Roberts, Tandy Goldberger-Treiman for pion
nucl-th/9707003

e Pseudoscalar Bethe-Salpeter amplitude
I (ke P) = 7™ [iEW(k;P)+fy-PF7T(k;P)

_|_fyk‘k‘PGW(k7P)+O-MVkMPVH7T(k7P>

1
e Dressed-quark Propagator: S(p) = -
2 iy -pA(p?) + B(p?)
TTTTTTTTTTTT e Axial-vector Ward-Takahashi identity
Office of Science wawUf; P = O) — B(pQ)

ceStucleat vy,
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Maris, Roberts, Tandy Goldberger-Treiman for pion
nucl-th/9707003

e Pseudoscalar Bethe-Salpeter amplitude
I (ke P) = 7™ [iEW(k;P)+fy-PF7T(k;P)

_|_fyk-k»PGW(]C,P)—I—OMV]@MPVHW(kaP)

1
e Dressed-quark Propagator: S(p) = -
2 iy -pA(p?) + B(p?)
EEEEEEEEEEEE e Axial-vector Ward-Takahashi identity
Office of Science wawUf; P = O) — B(pQ)

O“{‘Ce 0 Nuclear PhJ’SiC

Fr(k;0) + 2 frFr(k;0) = A(K?)
Gr(k;0) +2 frGr(k;0) = 2A'(K?)
Hp(k;0)+ 2 frH:(k;0) 0
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Maris, Roberts, Tandy Goldberger-Treiman for pion
nucl-th/9707003

e Pseudoscalar Bethe-Salpeter amplitude _ _ — — — - — -

— -
— — -
~ 7

. // ¢
I (ke P) = 77 [il/%(k;P)er-PFW(k;P)

AN

_|_fy.kk-PCg7T(k;P)—|—JW kP, Hy(k; P) ‘n

/1
1 //
e Dressed-quark Propagator: S(p) = /"

iv-pA@?) + B®?) 7

EEEEEEEEEEEE e Axial-vector Ward-Takahashi identity d /)

~ /7 /

il fxEx(l;P=0) = BG) .7/

P Exact in Fr(k:0) +2 f2 Fy(k:0) = A(k2)/ //

g QL S Gh:0) + 2 Ga(ki0) = 24827
Hgr(k;0)+2 frH:(k;0) = 0
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Maris, Roberts
nucl-th/9804062

U.S. DEPARTMENT OF

© ENERGY

Office of Science
office of Nuclear p hysics

UChicago »

Argonne°

NATIONAL LABORATORY

GT for pion
— QCD and F™(Q?)

®» What does this mean for observables?
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q° F(q") (GeV)

0.40
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0.00

Maris, Roberts
nucl-th/9804062

®» What does this mean for observables?

GT for pion
— QCD and F™(Q?)

Only E_->1/Q"

Including F_—> 1/Q°

0.0

5.0

10.0
q° (GeV?)

Craig Roberts — Exposing the Dressed Quark’s mass
4th Workshop on Exclusive Reactions at High Momentum Transfer, 18-21 May 2010 ... 27 — p. 15/28



GT for pion
Maris, Roberts — QCD and F;m(Q2)

nucl-th/9804062

®» What does this mean for observables?

040 - Y- L -
I 2; Including F_—> 1/Q° 1
r A\
0.30
>
(D)
Q
‘T 0.20
LL':
@ ENERGY =
Office of Science 1
1ce of Nuclear pp, - 0.10 ¢
O‘«C y'Cs | Only ET[ > 1/Q4
ooo b
e 0.0 5.0 10.0 15.0
q° (GeV’)

A °.9 Pseudovector components dominate ultraviolet behaviour of
rgonne
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GT for pion
— Contact Interaction

Guttierez, Bashir, Cloét, Roberts:
arXiv:1002.1968 [nucl-th]
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Guttierez, Bashir, Cloét, Roberts:
arXiv:1002.1968 [nucl-th]

GT for pion
— Contact Interaction

® Bethe-Salpeter amplitude can’t depend on relative
momentum

= General Form

1
L'z(P) =iy Ex(P) + — - PF(P)
Mg
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Guttierez, Bashir, Cloét, Roberts:
arXiv:1002.1968 [nucl-th]

GT for pion

® Bethe-Salpeter amplitude can’t depend on relative
momentum

— Contact Interaction

= General Form

Da(P) = i3 Ex(P) + — 7 - PFx(P)

Q

® Solve chiral-limit gap and Bethe-Salpeter equations

2 __ . _ _ Fﬂ' _
P?=0: Mg =040, Ex =0.98, — = 0.50

Q
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GT for pion

Guttierez, Bashir, Cloét, Roberts:

EEEEEEEEEEEE

Office of Science
O“{‘Ce of Nuclear Ph)’s,

arXiv:1002.1968 [nucl-th] — Contact Interaction

® Bethe-Salpeter amplitude can’t depend on relative
momentum

1
= General Form |T'z(P) = ivs E(P) + VAL PF.(P)
Q

® Solve chiral-limit gap and Bethe-Salpeter equations

2 . L . Fﬂ' L
P?2=0: Mg =0.40, E, = 0.98, —— = 0.50
Mgq

® Origin of pseudovector component. E. drives F;

» RHS Bethe-Salpeter equation:
YuS(k + P/2)ivs ExS(k — P/2)v,
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Guttierez, Bashir, Cloét, Roberts:

® Bethe-Salpeter amplitude can’t depend on relative
momentum

GT for pion
arXiv:1002.1968 [nucl-th] — Contact Interaction

Q

1
= General Form |T'z(P) = ivs E(P) + VAL PF.(P)

® Solve chiral-limit gap and Bethe-Salpeter equations

2 . L . Fﬂ' L
P?2=0: Mg =0.40, E, = 0.98, —— = 0.50
Mgq

EEEEEEEEEEEE ® Origin of pseudovector component. E. drives F;

Office of Science » RHS Bethe-Salpeter equation:
¥uS(k + P/2)iys ExS(k — P/2)7,,
# Has pseudovector component
~ Ex[os(ky)ov(k_) + os(k_)ov (k)]

oM

Craig Roberts — Exposing the Dressed Quark’s mass
- - - - 4th Workshop on Exclusive Reactions at High Momentum Transfer, 18-21 May 2010 ... 27 — p. 16/28



Guttierez, Bashir, Cloét, Roberts:

® Bethe-Salpeter amplitude can’t depend on relative
momentum

GT for pion
arXiv:1002.1968 [nucl-th] — Contact Interaction

Q

1
= General Form |T'z(P) = ivs E(P) + VAL PF.(P)

® Solve chiral-limit gap and Bethe-Salpeter equations

P?2=0: Mp=0.40. E. = 0.98 ﬁ—050
= U Q — V. . x — U. . = U.
Mgq

EEEEEEEEEEEE ® Origin of pseudovector component. E. drives F;

Office of Science » RHS Bethe-Salpeter equation:

¥uS(k + P/2)iys ExS(k — P/2)7,,

o Hence F,. on LHS is forced to be nonzero
because E, on RHS is nonzero owing to DCSB

oM
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Guttierez, Bashir, Cloét, Roberts:
arXiv:1002.1968 [nucl-th]

GT for pion
— Contact Interaction

® Bethe-Salpeter amplitude: General Form

Ca(P) = i3 Ex(P) + = - PFx(P)

Q
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Guttierez, Bashir, Cloét, Roberts:
arXiv:1002.1968 [nucl-th]

GT for pion
— Contact Interaction

® Bethe-Salpeter amplitude: General Form

Ca(P) = i3 Ex(P) + = - PFx(P)

Q
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» Asymptotic form of electromagnetic pion form factor
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GT for pion
Guttierez, Bashir, Cloét, Roberts: .
arXiv:1002.1968 [nucl-th] — Contact Interaction

® Bethe-Salpeter amplitude: General Form

1
I'7(P) = iy Ex(P) + —— - PFr(P)
Mg

» Asymptotic form of electromagnetic pion form factor
2

M
s E2-term = Fo2(Q?%) ~ o photon(Q)
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GT for pion
Guttierez, Bashir, Cloét, Roberts: .
arXiv:1002.1968 [nucl-th] — Contact Interaction

® Bethe-Salpeter amplitude: General Form

1
I'7(P) = iy Ex(P) + —— - PFr(P)
Mg

» Asymptotic form of electromagnetic pion form factor
2

M
s E2-term = Fo2(Q?%) ~ o photon(Q)

» FE_F. -term.
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